INTRODUCTION
Human parechovirus 1 (HPeV1) and HPeV2 were first identified in the mid1960s as human enteroviruses (HEVs) and were classified as echovirus 22 and 23 (30) . Sequence analyses showed that these viruses were genetically distinct from the entire Enterovirus genus, and they were reclassified as the new genus Parechovirus in the family Picornaviridae (24) . There are now six known HPeV genotypes (2, 8, 16, 29) , which have been isolated mainly from young children. Infections with HPeVs have been shown to be widespread (17, 18, 25) , but different HPeV genotypes were found to differ epidemiologically and clinically from each other (1, 6, 29) .
Epidemiological data on HPeV prevalence are predominantly based on cell culture isolation of different HPeV strains. As HPeVs, in particular HPeV3, are found to be difficult to culture in standard diagnostic cell lines and their isolation is largely determined by the cell lines used (1, 29, 30) , the exact HPeV prevalence might be underestimated. Recent studies show that HPeV1 is still the most frequently isolated (1, 3, 6, 13, 29) . However, genotyping showed the recently circulating HPeV1 strains to be phylogenetically distinct from the prototype strain, designated Harris, first isolated in 1956 (1, 6, 12, 29) . Both the Harris strain and the recently isolated HPeV1 strains can be serotyped using antisera directed against the original Harris strain (1). Since the older studies depended on serotyping methods, while the more recent studies are based on genotyping, it is difficult to establish the time frame in which the prototype strain ceased circulation. The benefits of molecular typing instead of classical serotyping methods to type different HPeVs have already been proven by the reclassification of some HEVs as HPeVs (17, 26) . In addition, genotyping has led to the reclassification of the second HPeV2 serotype, represented by the CT86-6760 strain (20) , as the HPeV5 genotype (2) , following the identification of HPeV3 and -4 (2, 8, 16) . Infections with HPeV3 have been associated with more severe symptoms than other HPeV infections, and HPeV3 has been reported to be either the second most predominant strain (1, 6, 16) or equal to HPeV1 in prevalence (13, 29) . As HPeV3 was found to display different cell tropisms in different cell culture assays (1, 29) and as these studies were based on cell culture isolation of HPeVs, the use of different cell lines within different studies might account for these discrepancies. Direct screening and typing of clinical samples would exclude such cell culture bias and therefore would provide a better estimation of the prevalences of different HPeV types. In addition, by screening over 700 cerebrospinal fluid (CSF) samples by real-time PCRs, HPeVs were identified in almost 5% of the children under the age of 5 years, in comparison to 14% for HEVs (5, 31) . Since higher prevalences were found in 2004 and 2006 than in 2005, a 2-year cycle was suggested for HPeVs with neuroinvasive characteristics. Unfortunately, due to low HPeV viral load these CSF samples could not be genotyped. In order to gain insight into the circulation of different HPeV types within the Amsterdam region in those years, we retrospectively screened and directly typed stool samples from children under the age of 5 years from 2004 to 2006 by realtime PCR.
METHODS

Clinical samples
Stool samples from children under the age of 5 years obtained between 2004 and 2006 from the Amsterdam region were collected. Stool samples were suspended in 2% broth (Oxoid, Drongen, Belgium) and stored at -20°C. In total, 1,824 stool samples from 1,379 children were available for testing (808 boys and 571 girls).
RNA extraction
Broth-suspended stool samples (50 µl) were incubated for 10 min in lysis buffer L6 (10) and centrifuged for 2 min to remove any stool debris. The supernatant was further extracted using 20 µl of size-fractionated silica particles in combination with 900 µl of lysis buffer L6 as previously described by Boom et al. (9, 10) . When testing for the presence of an HPeV and/or HEV infection, samples were coextracted with 6,250 copies of armored RNA of an internal control (IC), corresponding to 500 copies of IC cDNA in PCR (4). The IC was omitted from extraction when genotyping by sequencing of the VP1 region had to be performed (6) . During the study period we changed from manual extraction to automatic extraction using the total nucleic acid isolation kit with the MagnaPure LC instrument (Roche Diagnostics, Almere, The Netherlands). Retesting of samples showed 100% recovery compared to the manual extraction. RNA was eluted in 50 µl of Tris-EDTA buffer in both extraction methods.
Detection of HPeV and HEV by real-time reverse transcription-PCR (RT-PCR)
Forty microliters of extracted RNA was used for reverse transcription using random hexamers (Applied Biosystems, Niewerkerk a/d IJssel, The Netherlands) as previously described (4) . Five microliters of cDNA was used for both the HEV-specific duplex assay and the HPeV-specific single-target assay (5) . The HEV-specific duplex assay was performed in a 25 µl volume containing 900 nM of each primer (entero-1-TM and entero-2-TM [5] ), 200 nM of the EV-WT-MGB probe and IC-MGB probe (5), 400 ng/µl of bovine α-casein (lot number 17H9551; Sigma, Zwijndrecht, The Netherlands), and 1x TaqMan universal PCR master mix (Applied Biosystems). The HPeV-specific single-target assay was performed in a 25-µl volume containing 900 nM of each primer (ParechoF31 [5] and K30 [20] ), 200 nM of the HPeV-WT-MGB probe (5), 400 ng/µl of bovine α-casein (Sigma), and 1x TaqMan universal PCR master mix (Applied Biosystems). The primers and probes were obtained from Biolegio (Nijmegen, The Netherlands) and Applied Biosystems, respectively. The real-time PCRs were performed in an Applied Biosystems 7000 sequence analyzer as follows: 2 min at 50°C and 10 min at 95°C, followed by 45 cycles, each consisting of 15 s at 95°C and 1 min at 60°C.
Genotyping by VP1 sequencing
The previously described one-step VP1 RT-PCR (6) was adapted into a twostep assay. As the previously described primer set might not detect HPeV5 (13), a second primer set was designed to include degeneracy to all known HPeV types (VP1-parEchoF12 [5'-CCA RAA YTC ITG GGG YTC-3'] and VP1-parEchoR12 [5'-AAI CCY CTR TCY ARR TAW GC-3']). Two hundred sixty-one HPeV-positive samples from 216 children could be retrieved for typing, of which 168 samples from 130 children could be successfully genotyped using both primers sets. Forty microliters of newly extracted RNA (omission of IC) was used for reverse transcription as previously described using random hexamers (4). Twenty-five microliters of cDNA was used for the VP1 PCR. The PCR was performed in a 50-µl volume containing 1x PCR II buffer (Applied Biosystems); 200 µmol/liter each of dATP, dCTP, and dGTP (Applied Biosystems); 400 µmol/liter dUTP (Applied Biosystems); 0.1 µg/µl bovine serum albumin (Roche Diagnostics); 400 ng/µl α-casein; 1 µM VP1-parEchoF1/VP1-parEchoF12 and 1 µM VP1-parEchoR1/VP1-parEchoR12 (6); and 2.5 U of Amplitaq Gold (Applied Biosystems). The final MgCl 2 concentration was 2.5 mmol/liter. The HPeV VP1 amplicons were gel purified and sequenced as previously described (6) .
Phylogenetic and statistical analysis
The sequences were analyzed on an ABI 3730/3100 DNA analyzer (Applied Biosystems). Sequences were aligned using Clustal-W (28), included in the VectorNTI suite 10 software package (Invitrogen) and edited using Simmonics v1.62 (http://www2.warwick.ac.uk/fac/sci/bio/research/devans/ bioinformatics/simmonics, 23). Phylogenetic analyses were performed by the neighbor-joining method (22) , as implemented in the Molecular Evolutionary Genetics Analysis software package, version 3.1 (19) . P-distances were estimated for amino acid sequences. One thousand bootstrap replicates were analyzed. The HPeV genotype was assigned on the basis of phylogenetic clustering. HPeVs from nine children were previously typed from culture isolates obtained between 2000 and 2005 (6). The HPeV type was confirmed by genotyping the original stool samples.
Statistical analysis was performed using SPSS 12.1 for Windows based on the number of children. Children with more than one sample were identified as follow-up subjects if samples were less than 11 weeks apart (11) . In addition, infections of children from whom multiple samples containing identical sequences were obtained were characterized as single HPeV infections. To compare age distributions, we used the Wilcoxon-MannWhitney test. To compare HPeV and HEV prevalences over the years, we used the chi-square distribution with 95% confidence intervals (CI).
Nucleotide sequence accession numbers
The nucleotide sequences of the VP1 gene region are deposited in GenBank under accession numbers FJ373059 to FJ373179.
RESULTS
HPeV in stool samples from 2004 to 2006
Stool samples (n = 1,824) from 1,379 children under the age of 5 years were obtained from 2004 to 2006 and screened retrospectively using HPeV-and HEV-specific real-time PCRs. HPeV infections were detected in 270 samples obtained from 225 (16.3%) children, and HEV infections were detected in 265 samples from 253 (18.4%) children (Table 1) . Forty-one children showed a double infection with HPeV and HEV ( Table 1) (Table 1) . HEV was detected in 20% (91/456), 14.2% (65/447), and 20.5% (97/476) of the children, respectively, in these 3 years (Table 1) . The lower prevalence observed in 2005 was not significant for HPeV (P=0.09) and was just significant for HEV (P=0.04). We found more boys infected with either HPeV or HEV than girls. However, taking into account that the ratio of boys to girls tested (1.4:1) was similar to the ratios of HPeV-and HEV-positive boys to girls (1.4:1 and 1.3:1, respectively), the relative risk (RR) for infection of boys with either virus was not higher than that for girls (RR HEV = 1.1, 95% CI, 0.9 to 1.4; RR HPeV = 1.0, 95% CI, 0.8 to 1.3).
Prevalence of HPeV types
In total, 168 samples from 130 children were successfully genotyped directly from stool samples as either HPeV1, -3, -4, -5, or -6 ( Fig. 1) 2) . In total, HPeV4 was found in 9 children (7%). HPeV5 and -6 were identified at least once a year in the 3 years studied. HPeVs could be isolated during the entire year. However, differences in seasonal distribution between the genotypes could be observed. HPeV1, -4, -5, and -6 were mostly identified during autumn and winter. However, HPeV3 was mainly found in summer. Interestingly, all HPeV types were less prevalent in spring. In comparison to HPeV1 infections, more HPeV3 infections were found at the younger ages. For HPeV3, 66% (19/29) of the infected children were younger than 6 months, of which 24% (n = 7) were less than 28 days old. In contrast, for HPeV1, only 40% (34/84) of the infected children were younger than 6 months, of which 2.3% (n = 2) were neonates. Of the 261 samples available for typing, we were unable to type 93 samples from 86 children. Fifty samples from 49 children were found to have a low viral load (cycle 5 5 1 6 1 2 6 5 2 4 6 7 4 5 2 6 6 6 5 5 2 4 4 4 4 5 1 6 6 9 4 6 5 2 5 9 8 6 5 2 8 7 2 6 5 2 5 8 0 H P e V 4 A 3 7 4 / 0 6 4 5 2 3 2 3 6 7 5 1 4 9 4 5 0 3 6 9 H P e V 4 K 2 5 1 1 7 6 -0 2 4 5 2 5 2 4 4 5 2 6 7 4 4 5 1 5 6 4 6 5 1 6 8 9 4 5 1 5 1 threshold [CT] value by real-time PCR > 38) and could therefore not be typed. Forty-three samples from 37 children were found to have a high enough viral load for genotyping based on the CT value by real-time PCR. As stool samples can be very incongruent, these samples were tested multiple times. However, after several tests, signs of degradation could be observed, as the CT values increased considerably after freeze-thawing steps (mean increase of CT value, 9; range, 7 to 11).
Phylogenetic characterization of HPeV types
Based on specific clustering of the isolates with known HPeV types obtained from GenBank, we could identify HPeV genotypes 1, 3, 4, 5, and 6 (Fig. 1) . HPeV2 was not found. HPeV1 comprised the largest cluster. The majority of the HPeV1 strains (n = 81) were found to cluster closely together with strains identified in Japan (strains having five-digit numbers prefixed with "A") ( Fig.  1) and Germany (strains having three-digit numbers prefixed with "BNI-R") ( Fig. 1) and formed a separate cluster from the prototype strain, identified in 1956 (Harris). The amino acid similarity between the recently isolated HPeV1 strains, including those identified in Germany and Japan, and the prototype strain, Harris, was only 89.2%. Three strains were found to cluster closely with the Harris strain (amino acid similarity, 93.7%). We found no specific geographical or temporal separation between the different HPeV1 strains (Fig. 1) . HPeV3 comprised the second-largest cluster, containing 29 Dutch stains. As seen within the HPeV1 cluster, two separate lineages, which previously had not been found, could be seen within the HPeV3 cluster based on the VP1 gene. The majority of the Dutch strains were found to form a tight cluster with the Japanese strains (amino acid similarity, 96.2%). However, one strain (651689; 2006) clustered outside the larger HPeV3 group and had 96.2% amino acid similarity to this group. In contrast to findings for HPeV1, we could identify geographical or temporal separation between the different HPeV3 strains (Fig. 1) ; however, due to the close similarities, more diverse sequences are needed for confirmation. Based on cluster analyses, strains were further identified as either HPeV4, -5, or -6. The isolate from one positive HPeV stool obtained in 2004 could not be assigned to a specific HPeV cluster. Strain 451564 had the best nucleotide identity, 71.2% (79.8% amino acid identity), to the prototype strain, HPeV3 A308-99, identified in 2004. The second-best match was found to be less than 70% (66% identity to HPeV1 Harris). Based on previous proposed criteria to assign HPeV types (21), further characterization is needed. Strain 451564 was also found to lack the arginine-glycine-aspartic acid (RGD) motif (Fig. 3) , as previously seen for other HPeV3 genotypes. Interestingly, the RGD motif was not found in three HPeV5 strains (452373 [2004] , 652444 [2006] , and 676618 [2006] ) and one HPeV1 strain (652281 [2006] ), which was most closely related to Harris. Instead of the deletion seen in HPeV3 and the unidentified strain 451564, all four strains contained a specific sequence at the C-terminal end of VP1, preceded by the wellconserved domain proline-alanine-proline-lysine (PAPK) and followed by the conserved sequences predicted to be part of the cleavage site seen in all known HPeV genotypes, (D/N)-(E/Q)ˆ(S)-(P/L) (Fig. 3) .
DISCUSSION
In the 3-year study period, we found a high percentage (16%) of HPeVpositive children by direct PCR screening from stool samples. Previous studies on the prevalence of HPeV were primarily based on culture isolates, which can bias the data due to the inability of virus variants to replicate in certain cell lines (1, 29). Only one other study also directly screened from stool samples (3) . In that study a much lower prevalence of HPeV was found (1.3%). However, that study involved both children and adults, while our study was performed on stool samples obtained exclusively from children. When the prevalence of HPeV is calculated solely on the basis of samples from children less than 2 years old, the study by Baumgarte et al. (3) and the 
study presented here show similar prevalences (11.6% and 13.4%, respectively).
In concordance with seroepidemiological data on HPeV1 (18, 25, 27) (31) . During the same study period, HPeV was found in almost 5% of CSF samples, and it was suggested that HPeV was the second most frequent viral cause of sepsis-like illness and meningitis after HEV, which was found in 14% of the children. However, screening of stool samples showed HPeV infections to be as prevalent as HEV infections, which is related to the fact that both viruses are transmitted through the fecal-oral route. In addition, double infections were found; these were not found within CSF. Although data on type-specific prevalence in CSF are lacking, the low prevalence in CSF and the absence of HPeV3 seen in stool samples in 2005 strongly suggest that HPeV3 might be the predominant genotype infecting the central nervous system. In addition, the number of HPeV-infected neonates was also lowest in 2005 (3%), again underlining the association between HPeV3 and infection at a younger age (6, 7, 29) . Although seroprevalence data are lacking for HPeV4 to -6, we speculate that these recent types circulate to a lesser extent than HPeV1 and -3, both in the Amsterdam region and globally. To directly perform genotyping on stool samples, we optimized our VP1 RT-PCR (6) and a second primer pair was designed to be able to amplify all known HPeV genotypes. However, we were not able to type all available samples due to low virus titers or degradation. Thus, the prevalences of certain HPeV genotypes (indicated in Fig. 2 legend) might be slightly underestimated. We cannot exclude the possibility that these samples contained unidentified HPeV genotypes which our assay might not be able to pick up. However, a majority of these samples (21/26) could still be typed using a nested approach based on the VP3/VP1 region as belonging to one of the known HPeV genotypes 1, 4, and 5 (15) . Therefore, we speculate that both the incongruity of stool samples and the sensitivity of our assay caused the limitations of our assay. Despite these limitations, the use of this direct genotyping method comprising the entire VP1 gene has resulted in the identification of four interesting strains lacking the RGD motif. The RGD motif has been identified in all known HPeV genotypes, with the exception of HPeV3. This is the first report describing two HPeV genotypes whose VP1 regions have consistently been found to contain the RGD motif in different isolates and yet to also contain a different specific consensus sequence at the C-terminal end. The identification of two different variants of the same genotype is not uncommon within the family Picornaviridae. The echovirus 9 strain designated Barty (14) was shown to contain different consensus sequences, including the RGD motif, in comparison to the echovirus 9 strain designated Hill (14) . It has been proposed that the RGD motif is a key factor in defining cell tropism of the different HPeV genotypes (7, 16) . Its absence in HPeV3 suggests an RGD-independent entry pathway. The insertion of the specific sequence found in the four strains identified could indicate a second RGD-independent pathway. Preliminary culture data already showed these strains to be difficult to culture in standard diagnostic cell lines such as African green monkey kidney (Vero), human colon carcinoma (HT-29), and human lung carcinoma (A549) (1, 29; our unpublished data) cells. This was also observed for the unidentified HPeV strain 451564, which also lacked the RGD motif. In order to identify what specific cell entry pathways the different HPeV types use and what effect these different pathways have on their clinical outcome, more research is needed. In summary, this is the first study where HPeVs were directly typed from stool samples without being isolated first by cell culture. This resulted in the identification of an unidentified HPeV genotype and "RGD-absent" HPeV5 and HPeV1 strains. In addition direct screening from stool samples showed HPeV1 to be the most prevalent type, followed by HPeV3. As HPeVs are transmitted via the fecal-oral route, analysis of stool samples provided an unbiased analysis of different HPeV types.
